. Winter temperature in this region increased significantly between the two censuses, whereas spring temperature and precipitation did not change. As predicted from the models, the proportion of long-distance migrants decreased and the number and proportion of short-distance migrants and residents increased between the two censuses. The significant declines of the long-distance migrants in the Lake Constance region are of a magnitude that can be explained by the observed climate change. Our results suggest that increasingly warmer winters may pose a more severe threat to long-distance migrants than to the other bird groups.
Introduction
Global climate change is currently of great scientific interest (Bawa & Markham 1995; Dai et al. 1997; . Earth surface temperature has increased since 1860 by 0.5 Њ to 0.7 Њ C (Cao & Woodward 1998 ) . One possible reason for this phenomenon is the accumulation of CO 2 and other greenhouse gases in the atmosphere ( Graham & Grimm 1990 ) . Scientists predict a much higher increase of Earth surface temperature for the twenty-first century ( Houghton et al. 1992; Bengtsson 1997) . Increases might reach 5.8 Њ C in the next 100 years (McCarthy et al. 2001) .
Recent climate change has already had a significant influence on Earth's flora and fauna. In Europe, for example, the growing season of plants has become longer (Menzel & Fabian 1999) . In North America, climate change has shortened the hibernation period of a marmot species (Inouye et al. 2000 ) . For birds, evidence exists of the influence of climate change on phenological patterns (Alerstam 1990; Chesser 1998 ) . Changes in climate have led to many bird species extending their geographic ranges northward ( Thomas & Lennon 1999) . Some migratory birds arrive earlier on their breeding grounds ( Mason 1995) , start breeding earlier ( Winkel 1997; Crick et al. 1998; Forchhammer et al. 1998; McCleery & Perrins 1998; Crick & Sparks 1999; Dunn & Winkler 1999) , or migrate to their wintering grounds later (Gatter 1992; Bezzel & Jetz 1995) .
However, little evidence exists that climate change leads to systematic changes in species richness and the structure of bird communities. Nevertheless, theoretical considerations predict a change in the relative abundance of migratory and resident birds. Increasing winter temperatures may cause a decline in the number of migrants. In springtime, migrants arrive on their breeding grounds and share existing resources with overwintering residents ( MacArthur 1959; Rabenold 1979 Rabenold , 1993 . During less severe winter conditions the survival rate of residents is probably higher, which may lead to larger numbers of residents surviving the winter. If diffuse competition exists between migratory birds and residents, this should lead to fewer resources being available to migrants (Herrera 1978) . As a result, the breeding success and abundance of migrants should decline.
This hypothesis is supported by O'Connor (1990) , who found a decrease in the abundance of residents after severe winters and an increase in the number of migrants the following spring. Similarly, Dale (1996 a , 1996 b ) and Willson (1976) have demonstrated that the proportion of migrants increases with increasing latitude (i.e., decreasing mean winter temperature).
Even long-term trends in bird populations may be caused by climate change. An analysis of the bird-atlas data of the Lake Constance region in Central Europe between 1980-1981 and 1990-1992 showed significant declines in long-distance migrants, whereas short-distance migrants and residents increased slightly (Schuster et al. 1983; Bauer & Heine 1992; Böhning-Gaese & Bauer 1996) . This data set shows one of the strongest declines in long-distance migrants recognized so far. One cause for these declines may be warmer winter temperatures (Böhning-Gaese & Bauer 1996) , but there is no evidence to support this theory.
To understand the relationship between the proportion of migratory and resident birds and climate factors within a region, we studied the spatial variation of bird communities and climate in Europe. Our objectives were, first, to examine the spatial pattern of the number and proportion of migratory and resident bird species in Europe. Second, we wanted to quantify the relationship between bird community structure and climate factors in Europe. Third, we sought to predict population changes in the Lake Constance bird communities between 1980-1981 and 1990-1992 by examining the relationship between the structure of European bird communities and climate factors. Using the existing data of the Lake Constance Bird Atlas (Schuster et al. 1983; Bauer & Heine 1992; Böhning-Gaese & Bauer 1996) , we tested whether the changes in the structure of the bird communities could have been caused by climate change.
Methods

Bird Data
For the bird data we used the European Bird Census Council's ( EBCC ) Atlas of European Breeding Birds by Hagemeijer and Blair ( 1997 ) . The atlas summarizes the geographic ranges of every European breeding bird species based on 50 ϫ 50 km grid cells. We only included grid cells with complete bird data sets. To make handling the data set easier, especially for the Mantel tests, we grouped adjacent grids into 595, 100 ϫ 100 km grid cells and pooled the species lists of these grids. We only included grid cells with Ͻ 50% water area. Because the size of grid cells differs over the geographic extent of the atlas, we determined the exact land area for each grid cell. To compare the bird data set with climate data, we determined the geographical coordinates of the corner points of each grid cell.
We restricted our analysis to species that live in and obtain their resources from terrestrial habitats. We excluded all species that use marine, coastal, freshwater, and wetland habitats because they have distinctly different ecological requirements and therefore might be influenced by climate change in a different way. For each grid cell, we calculated the total number of all species of land birds and the number and proportion of long-distance migratory species, short-distance migratory species, and resident species. The number of individuals within a species was not taken into account. Unfortunately, the quality of the EBCC data is inconsistent among European countries ( Hagemeijer & Blair 1997 ) , which could influence our measures of absolute species numbers. However, inconsistent data quality should not influence the proportion of the three migratory classes. We defined long-distance migrants as birds regularly wintering south of the breeding range, with the center of the wintering range south of the Sahara or east of the Pakistan-India border; short-distance migrants as species regularly wintering south of the breeding range, with the center of the wintering range north of the Sahara or west of the Pakistan-India border, and residents as species not regularly leaving the breeding ground in winter, based on data from Bezzel (1985 Bezzel ( , 1993 and Heinzel et al. (1995) . Overall, our study was based on 300 species of land birds, 108 of which were classified as long-distance migrants, 80 as short-distance migrants, and 112 as residents.
Climate Data
We used the long-term average climate data from 1961 to 1990 of the Intergovernmental Panel of Climate Change ( IPCC ) Data Distribution Centre ( New et al. 1999) . These are interpolated data from meteorological stations, organized in 0.5 Њ grids, a size comparable with the 50 ϫ 50 km grids of the EBCC Atlas of European Breeding Birds ( Hagemeijer & Blair 1997 ) . The time window from 1961 to 1990 is comparable to the time period over which the bird data were collected ( Hagemeijer & Blair 1997 ) . The climate grids are defined by the geographic coordinates of their central points. To match the bird and the climate data, we assigned those climate grids to each 100 ϫ 100 km bird-data grid whose central points were within the bird grid cell. This procedure was possible because the climate data show strong spatial autocorrelation. Thus, neighboring grid cells have similar climate data, especially in comparison with the large climate gradient covered within Europe. For analysis, we averaged the climate grids assigned to one 100 ϫ 100 km bird grid.
We used the mean temperature of the coldest month as a measure of resources available for resident birds in winter. We used mean temperature in spring (average of April, May, and June ) and spring precipitation ( sum of April, May, and June) to characterize the climate conditions during the breeding period. Spring temperature and precipitation is thought to be a good measure of resource availability in the breeding period, as has been shown for passerines ( Fox et al. 1999; Perrin & Boyer 2000) and birds of prey (Ridpath & Brooker 1987) .
Statistical Analysis
Our dependent variables were the total number of all species of land birds and the number and proportion of long-distance migrants, short-distance migrants, and resident bird species. Our independent variables were mean temperature of the coldest month, mean temperature in spring, and spring precipitation. We tested these variables in multivariate regressions and included the quadratic values of the independent variables. For all analyses that included numbers of species, land area was used as a covariate.
Regression analysis requires data points to be statistically independent, but the geographic range of a bird species is rarely restricted to a single grid cell. Neighboring grid cells tend to have more similar bird communities than more distant grid cells. The climate data are also spatially autocorrelated. To control for the effects of spatial autocorrelation, we used Mantel tests (Smouse et al. 1986; Legendre & Fortin 1989; Legendre et al. 1994; Böhning-Gaese & Oberrath 1999) . With this method, for each pair of grid cells we compared their dissimilarity in the dependent variable with their spatial distance and with their dissimilarity in the other independent variables. Thus, for the statistical test, the data are transformed into a number of matrices. The Y matrix describes the dissimilarity in the dependent variable, the X 1 matrix the spatial distance among the grids, and the X 2 , . . . . , X n -matrices the dissimilarity in the other independent variables ( Smouse et al. 1986; Böhning-Gaese & Oberrath 1999; Böhning-Gaese et al. 2000) . The Y matrix is then regressed on the X matrices and tested for significance with Mantel tests (Mantel 1967; Smouse et al. 1986; Legendre et al. 1994) . With Mantel tests, the regression of the individual values in the matrices yields the partial regression coefficients of b 1 to b n , and their respective t values (Smouse et al. 1986; Legendre et al. 1994) . The significance of the t values is tested against a null distribution of t values constructed by Monte Carlo randomizations, with the X matrices held constant and the grids in the Y matrix randomly permuted (Smouse et al. 1986; Legendre et al. 1994) . To construct the null distribution of t values, we used 1000 randomizations.
The Lake Constance bird atlas data were collected during two census periods, 1980-1981 and 1990-1992 , on the scale of 303 grid squares of 2 ϫ 2 km each, and cover German, Austrian, and Swiss territory (Schuster et al. 1983; Bauer & Heine 1992; Böhning-Gaese & Bauer 1996) . In the original analysis we tested the average changes in the regional abundance, local abundance, and range size of the bird species between the two census periods (Böhning-Gaese & Bauer 1996) . Long-distance migrants showed significant declines in regional and local abundance. For the present analysis, we calculated for each census period the total number of bird species and the number and proportion of long-distance migrants, short-distance migrants, and residents, taking into account only the species chosen for the European analysis.
To predict the changes within the Lake Constance bird communities as expected on the basis of climate change, we used the previous multivariate regression models for Europe and inserted into the formulas the climate data from the Lake Constance region (Baker et al. 1994) . We used climate data of the meteorological station Constance from 1979-1981 and from 1989-1992 . We considered the values for 1979 and 1989, although they do not belong to the census periods because the population size of migrants in one year appears to be influenced by the winter conditions of the previous year ( O 'Connor 1990 ) . Inserting the climate values into the multivariate regression models for Europe allowed us to predict for both census periods the expected number of all species and the number and proportion of long-distance migrants, short-distance migrants, and residents. These predicted values were compared with the observed values.
Results
Spatial Variability in Europe
We found different patterns of spatial variation for the number of land-bird species and for the number and proportion of long-distance migrants, short-distance migrants, and residents within Europe. The number of all species of land birds declined with increasing latitude and increased with increasing longitude ( Table 1 ). The number and proportion of long-distance migrants decreased with increasing latitude and increased with increasing longitude (Table 1) . The number and proportion of shortdistance migrants, in contrast, decreased with increasing longitude. With increasing latitude the proportion of short-distance migrants increased, with no significant change in the number of short-distance migrants (Table  1) . For the number of resident birds we found a decrease with increasing latitude and longitude (Table 1) . The proportion of resident species showed an increase with increasing latitude and a decrease with increasing longitude (Table 1) .
The climate variables showed a clear spatial pattern. The temperature of the coldest month decreased with increasing latitude and longitude ( multiple-regression analysis of latitude: t ϭ Ϫ 31.93; p Ͻ 0.001; longitude: t ϭ Ϫ 24.65; p Ͻ 0.001; n ϭ 595; R 2 ϭ 79.6% ). Spring temperature decreased with increasing latitude and increased with increasing longitude (multiple regression analysis of latitude: t ϭ Ϫ 35.34; p Ͻ 0.001; longitude: t ϭ 9.7; p Ͻ 0.001; n ϭ 595; R 2 ϭ 67.9%). Thus, in Europe two temperature gradients lie perpendicular to each other; mean temperature decreased with increasing latitude, and the temperature difference between the coldest month and spring increased with increasing longitude, indicating that the climate is becoming more continental. Spring precipitation decreased with increasing latitude and longitude (multiple-regression analysis of latitude: t ϭ Ϫ 5.64; p Ͻ 0.001; longitude: t ϭ Ϫ 4.40; p Ͻ 0.001; n ϭ 595).
Influence of Climate
The influence of climate factors on the total number of all species of land birds and on the number and proportion of long-distance migrants, short-distance migrants, and residents showed different patterns ( Table 2 ) . We focused on the effects of the nonquadratic variables. The total number of all species of land birds increased with decreasing temperature of the coldest month and increasing spring temperature ( Table 2 ) . Similarly, the number and proportion of long-distance migrants increased with decreasing temperature of the coldest month and with increasing spring temperature ( Table 2 ; Fig. 1 ). This demonstrates that the number and proportion of long-distance migrants increased with an increasing temperature difference between the coldest month and spring. Spring precipitation had a negative effect on the number and proportion of long-distance migrants. Short-distance migrants increased in number and proportion with increasing temperature of the coldest month ( Table 2; Fig. 1 ). The number of short-distance migrants was not significantly influenced by spring temperature (Table 2 ; Fig. 1 ), but their proportion increased with decreasing spring temperature. Spring precipitation had a positive effect on the number and proportion of short-distance migratory birds ( Table 2 ). The number and proportion of residents increased with increasing temperature of the coldest month, and the number of residents increased with increasing spring temperature (Table 2; Fig. 1 ). 
Mantel Test
Adjacent grid cells were significantly more similar in bird community structure than grid cells more distant from each other (Table 3 ). For the number of all bird species and the number of residents, distance was the most significant independent variable (Table 3) . For all other cases, at least one climate variable was more significant than distance. In spite of strong spatial autocorrelation, the presence of the distance matrix had only minor effects on the significance of the nonquadratic climate variables. The only changes that occurred were the influence of spring temperature on the number of short-distance migrants, the proportion of residents, and the effect of the temperature of the coldest month on the number of residents (Table 3 ). In two of these cases, controlling for spatial autocorrelation increased the significance of the climate variable, and in the third case the significance decreased (Table 3) . Similar results were found for the quadratic variables ( three changes, two from not significant to significant, one from significant to not significant). Because of the minor effect of spatial autocorrelation on the regression models, we did not include the spatial distance matrix in our predictions.
Lake Constance
Comparing the climate data of Constance between the two census periods showed an increase in the temperature of the coldest month (1979) (1980) (1981) , Ϫ 1.6 Њ C; 1989-1992, 0.8Њ C; t 5 ϭ Ϫ3.63; p ϭ 0.02), whereas spring temperature (1979-1981, 12.2Њ C; 1989-1992, 12 .9Њ C; t 5 ϭ Ϫ0.87; p ϭ 0.43 ) and spring precipitation (1979-1981, 78.8 mm; 1989-1992, 88 .6 mm; t 5 ϭ Ϫ0.97; p ϭ 0.39) did not change significantly. The regression model predicted an increase in the number of all species of land birds between the two census periods, a decrease in the number and proportion of long-distance migrants, and an increase in the number and proportion of short-distance migrants and residents ( Table 4 ). The observed changes in the structure of the Lake Constance bird communities supported most predictions (Table 4) , but the number of long-distance migratory species did not change. Predicted and observed changes in the structure of the bird communities were of a similar order of magnitude (Table 4) .
Discussion
Our results suggest that the number and proportion of long-distance migrants in Europe increased with increasing longitude in parallel with colder winters and warmer springs. Using this spatial relationship between bird community structure and climate, we were able to predict changes in the species richness of long-distance migrants in the Lake Constance region caused by global climate change and to compare these predicted changes with observed changes. Investigating spatial variation in bird community structure across Europe showed a strong decrease in the number of all species of land birds with increasing latitude and an increase with increasing longitude. Newton and Dale (1996a) found the same decrease in the number of bird species from the south to the north. Furthermore, they demonstrated a significant increase in the proportion of migratory birds with increasing latitude. They categorized a bird species as migratory if it left the area to overwinter elsewhere. In our study, distinguishing between long-and short-distance migrants, we found different patterns for the two groups. Thus, migratory birds in European bird communities seem to be dominated by short-distance migrants in western Europe and long-distance migrants in eastern Europe.
Testing the impact of the climate variables on bird community structure showed that increasingly warm winters were correlated with a slight increase in the number and proportion of short-distance migrants and residents and a strong decrease in the number and pro- regressions testing the influence of three climatic variables on the number of all species of land birds and on the number  and proportion of long-distance migrants (long), short-distance migrants (short), and Table 2 .
portion of long-distance migrants (Table 2) . Thus, our investigation supports for long-distance migrants the previously described scenario of a diffuse competitive relationship between migratory birds and residents, with mild winter conditions favoring the residents. In our study, short-distance migrants appear to behave like residents and benefit from mild winter conditions. This study demonstrates that birds are among the few groups of organisms that can "break" the traditional relationship between species richness and temperature (Rabenold 1979 (Rabenold , 1993 . For most groups of organisms, biodiversity increases with increasing temperature and decreasing seasonality ( Karr 1971; Mac Arthur 1975; Dobzhansky 1950; Kusnezov 1957; Pianka 1983; Currie & Paquin 1987; Currie 1991; Angel 1993) . For birds, the species richness of residents also shows a positive correlation with winter and spring temperatures. The species richness of long-distance migrants, however, is negatively correlated with winter temperature. Thus, long-distance migrants appear to be able to exploit the resource difference between spring and winter that cannot be exploited by most other groups of organisms. This leads to a surprisingly constant or even increasing relationship between bird species richness and latitude ( MacArthur & Wilson 1967; Cook 1969; Tramer 1974; Newton & Dale 1996a) .
We used the spatial relationship between climate factors and bird communities in Europe to make predictions about temporal changes in bird communities caused by climate change. The results of our multivariate regressions suggest that the spatial patterns in bird communities were well described by the three climate variables: temperature of the coldest month, spring temperature, and spring precipitation (Table 2) . Additional variables such as latitude and longitude increased the R 2 values of the regressions only slightly (averaged R 2 value without latitude and longitude, 42.3%; averaged R 2 value with latitude and longitude, 53.0% ). Furthermore, the results of the Mantel tests suggest that the importance of the climate variables changes only slightly when spatial autocorrelation is controlled for. Therefore, we assume that just as the bird communities in Europe change along a climate gradient, they should also change over time when climate is changing. We predict that with increasing winter temperatures the number of short-distance migratory and resident bird species should increase slightly Table 3 . Mantel test to control for spatial autocorrelation: analysis of the influence of spatial distance (SDIST), of three climatic variables, and of the land area on the number of all species of land birds and on the number and proportion of long-distance migrants (long), short-distance migrants (short), and residents. and the number of long-distance migratory bird species should decline. This relationship has been validated by a comparison of predicted and observed data for the structure of bird communities in the Lake Constance region between two census periods in 1980 -1981 -1992 (Böhning-Gaese & Bauer 1996 . We found significantly higher temperatures in the coldest month for the second census period and no change in spring temperature or spring precipitation. Accordingly, Böhning-Gaese and Bauer (1996) found a significant decline in the regional and local abundance of long-distance migratory birds between 1980-1981 and 1990-1992 . The strong declines in the abundance of long-distance migratory birds ( Böhning-Gaese & Bauer 1996) is reflected in only a minor reduction in the proportion of long-distance migratory bird species (1980-1981, 31.25%; 1990-1992, 30 .70%; Table 4 ). Nevertheless, given the observed temperature changes, our regression model also predicted only slight changes in the proportion of the three migratory groups. Thus, the predicted and observed changes correspond well in direction and order of magnitude (Table 4 ). This means that the significant declines in the long-distance migrants in the Lake Constance region are of a magnitude that can be explained well by the observed climate changes.
An alternative explanation for the declines in long-distance migrants is drought on their wintering grounds, especially in the Sahel ( Sears et al. 1993 ) . The population fluctuations of long-distance migrants, such as the Common Whitethroat ( Sylvia communis ) and the Sedge Warbler (Acrocephalus schoenobaenus), are correlated with precipitation on their Sahelian wintering grounds (Hjort & Lindholm 1978; Svensson 1985; Baillie & Peach 1992; Szep 1995 ) . However, the short-term population fluctuations and long-term population trends of birds seem to be influenced by different factors (Böh-ning-Gaese et al. 1994; Böhning-Gaese 1995; Taper et al. 1995) . The long-term declines of long-distance migrants do not appear to be caused by factors operating on the wintering grounds. Mean rainfall in the Sahel was equally low between 1968 and 1997 (Nicholson 2000) , and the size of the Sahara Desert did not change between 1980 and 1997 (Tucker & Nicholson 1999) .
With the regression models we can make predictions of future changes in the structure of European bird communities as a consequence of climate change. With increasing winter temperatures there should be further declines of long-distance migratory bird species and increases in shortdistance migratory and resident bird species. To make predictions, however, it is important to take into account changes in spring temperature and precipitation. The number and proportion of long-distance migratory species was positively correlated with spring temperature (Table 2) . If global warming also leads to increases in spring temperature, the negative effect of warmer winter conditions on long-distance migrants could be mitigated. The most significant reduction in long-distance migrants can be expected if winter temperature increases, spring temperature decreases, and spring precipitation increases (Table 2) , (i.e., if climate conditions become less continental). Changes to less continental climate conditions have already been recorded for some regions in Europe (Vygodskaya et al. 1995) .
In addition to the ecological effect of global climate change on long-distance migrants, we expect evolutionary changes in the migratory behavior of these birds. Bird populations can rapidly change their migratory behavior in only a few generations (Berthold et al. 1990 ). Several species of partial and short-distance migrants do not migrate any longer and have become "more resident" (Berthold 1999 (Berthold , 2000 . Thus, the phenomenon of long-distance migration may be influenced by changes in the number and proportion of long-distance migratory species and by changes in the behavior of these birds.
